Introduction
Piezoelectric lead zirconate titanate ceramics (PbZr 1Àx Ti x O 3 or simply PZT), with a perovskite structure, have been widely investigated for several electronic applications (i.e. transducers, ferroelectric memories, sonars, optical filters, shutters, actuators and modulators; [1] [2] [3] [4] [5] [6] ). Generally, PZT powders are prepared by a traditional method (solidstate reaction), which involves mixing of the precursor oxides (PbO, TiO 2 and ZrO 2 ) in stoichiometric ratio, calcination of the green powders at a relative low temperature and sintering at high temperatures [1] . However, due to its high volatility lead-containing piezoelectric materials show higher lead losses during their sintering at high temperatures, which result in poor electrical, optical and electromechanical properties. It is well-known that in order to avoid the lead losses during the sintering process it is necessary to reduce *Corresponding author. Email: jcruz@inscporto.pt the sintering temperature, which could be archived with a small grain size and narrow size distribution of the precursor powders. For this purpose in the last few decades, submicron or even nanosize ferroelectric powders have been prepared by various wet-chemistry methods, including chemical co-precipitation [7, 8] , sol-gel process [9, 10] and hydrothermal synthesis [11, 12] . Although significant progresses have been achieved by these methods, their higher sensitivity to the environmental conditions (i.e. humidity, light and heat) and the high price of their precursor reagents, limit the applicability of these methods [4] .
High energy mechanical ball milling has been used as an alternative method, with the purposes to reduce the particle size in several materials, such as ferroelectrics and magnetics, and to increase the sinterability of the calcinated powders [1, [13] [14] [15] [16] . This process takes place at room temperature in well sealed containers, avoiding loss and volatilization of the components.
On the other hand, nanostructured materials have received a lot of attention during the last decade; mainly due to their novel properties [17] [18] [19] . In order to obtain nanostructurated ceramics during the sintering process, it is important that the grain size used be lower than 100 nm. Several sintering methods have been used to obtain nanostructurated ceramics; among then, the fast firing [20] [21] [22] [23] and spark plasma [24, 25] have been widely used. It is well-known that the fast firing process of pressed powders provides higher densities than conventional sintering processes. This process has been successfully used in the sintering of some materials, such us: BaTiO 3 , PbZr 0.52 Ti 0.48 O 3, PbMg 1/3 Nb 2/3 O 3 , etc, resulting in high-quality ceramics [26] [27] [28] .
In this work we report the preparation of PbZr 0.6 Ti 0.4 O 3 nanopowders and nanostructured ferroelectric ceramics by ball milling process and fast firing methods, respectively. Moreover, the influence of the milling time on the nanoparticles size and the sintering parameters on the microstructure has been investigated, as well as their influence in the dielectric properties of the nanostructured ceramics.
Experimental procedure
Precursor calcinated powders with the nominal formula PbZr 0.6 Ti 0.4 O 3 were prepared by the solid-state reaction method. For this purpose, stoichiometric quantities of precursor oxides (lead oxide (PbO) and zirconium oxide (ZrO 2 ) 99.9% pure and titanium oxide (TiO 2 ) 99.7% pure supplied by Aldrich were mixed for 20 h in a ball milling container, containing isopropyl alcohol and stabilized by ZrO 2 cylinders. These oxide mixtures were calcinated at 850 C for 3.5 h based on thermogravimetry (TG) and differential thermal analysis (DTA) curves, which were carried out by a simultaneous thermogravimetricdifferential scanning calorimetric Netzsch STA 409 EP type analyzer. At room temperature and normal air pressure conditions, the precursor Pb(Zr 0.6 Ti 0.4 )O 3 calcinated powders were subjected to a high-energy ball milling operation by using a Reutech 2 planetary ball milling system. A 250-ml zirconium vial and balls with 3 mm of diameter and a powder weight ratio (BPR) of 15 ball/gram were used as milling container. This container was rotated at 400 rpm (milling speed) using different milling times (20, 40 , 60 and 80 h). In order to avoid overheating, the milling system was turn off during 5 min after 60 min of running.
With the objective to get a complete characterization of the milled powders, their sintering behaviour was also monitored by a Netzsch 404 EP type dilatometer. PZT powders, resulting of 60 h of ball milling, were pressed into 10-mm diameter pellets and Phase Transitions 137 sintered in air atmosphere by fast firing method. For this process, the pellets were directly introduced inside a furnace, previously heated at 950 C, and kept it there for 30, 45, 60, 90 and 120 min, resulting in the so-called S1, S2, S3, S4 and S5 samples, respectively. Afterwards, the samples were quenched at room temperature and post-annealed at 800 C for 4 h.
PZT powders with 3 wt.% of lead oxide excess, resulting in 60 h of ball milling, were also prepared under the above-mentioned conditions. This was carried out in order to compensate for the lead losses occurred during the fast firing sintering process and to increase the density of the samples. These samples were called S6, S7, S8, S9 and S10, respectively.
The PZT ceramics density was obtained by the well-known Archimedes method, while theoretical density was determined based on the lattice parameters and the samples molecular weight. X-ray diffraction (XRD) patterns were recorded by a Rigaku D-max diffractometer with copper k radiation. The measurements were performed in continuous mode from 10 to 80 in 2. Average crystallites size and lattice strain of the milled powders were estimated by peak broadening techniques.
Scanning electron microscopy plan-view images for milled powder were achieved by a Jeol 5400 LV electron microscope. The surface grain morphology of the samples was also analysed by atomic force microscopy (AFM) technique, using a Shimadzu WET-SPM 9600 microscope, working in contact mode.
The dielectric measurements were carried out by a HP-4194A impedance gain phase analyzer. These measurements were performed in heating and cooling modes at a constant rate of 2 C min À1 over a temperature range of 24 C up to 650 C. Figure 1 shows the XRD patterns of the unmilled and milled 850 C calcinated powders. XRD peaks observed in these powders belong to a pure PZT phase, according to the JCPDS datafile N 33-784. Moreover, no significant changes are observed in the intensity of the main diffraction peaks, while the increase of the wideness of the milled PZT powder 
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diffraction peaks is associated to the decrease of the particle size after the calcinated powder milling process.
Crystallite size of the powder particles and their lattice strain were determined by X-ray peak broadening techniques, using the following equation [19] .
where is the lattice strain, d the crystallite size, the wavelength of the incident X-ray radiation, B the full width at half maximum (FWHM) intensity of the peak and the Bragg angle. After a simple mathematical re-arrange the Equation (1) can be written as
Thus, it is convenient to plot the B cos against sin with the purpose to obtain the slope () and the intercept (0.9 /d) of the straight line. Based on these results, we can calculate the crystallite size (d) and the lattice strain () of the milled 850 C calcinated powders, as shown in Figure 2 . Figures 3 and 4 show the milling time dependence of the d and parameters, respectively. The crystallite size decreases with an increase of the milling time, reaching saturation near to 40 h. On the other hand, the lattice strain also decreases with the increase of the milling time; however, after the 60 h it increases, probably due to the increase of structural defects in the crystalline lattice [19] . Similar analyses have been carried out on other materials, under the same milling conditions, resulting also in a significant reduction of the crystallite size [12, 29] .
There is not a well-established theory to explain the above-mentioned phenomena. However, it has been accepted that during the high-energy milling process there are three main milling stages: particle refinement, particle size homogenization and particle structure defect formation. In the early hours of the milling process, the 850 C calcinated PZT powders are greatly refined, both particle and crystallite size (first stage), being followed by a visible degree of the particle size homogenization (second stage). Finally, in the latest hours (last stage), the milling is mainly focused on the PZT powders, resulting in an increase of the structural defects and disorder of the milled powders. It has already been observed that the increase of defect and disorder by the milling process enhanced the sinterability and increase the lattice strain of the PZT powders [19] . In all the images powder agglomerates are observed, which decrease in size as the milling time increases. These agglomerates are compacts with a sized distribution from 1-10 mm; however, small individual particles are also observed with a size of $100 nm. Figure 6 (a) and 6(b) show the TG and DTA curves carried out on unmilled and milled calcinated powders. In Figure 6a , a thermal decomposition stage is observed from room temperature up to $320 C. It is practically inexistent in unmilled powders but clearly observed in milled powders, increasing with the increase of milling time. The higher effective surface as the particle size decreases with the milling time is responsible for this effect. The higher electrostatic interaction between the particle effective surface area and the environmental water results in a higher water absorber powder, which is eliminated during the first heating stage (25-320 C). The weight losses remain practically constant from 320 C up to 1000 C (second stage). Finally, above the 1000 C mark, the weight losses increase drastically, which is clearly associated with the lead volatilization. A shift to lower temperatures in the lead volatilization process is also observed as the number of hours of PZT powder ball milling increase. 
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DTA curves are in correlation with the TG analysis, showing that lead volatilization starts to take place at temperatures relatively lower than the reported in the TG analysis ($1000 C). Moreover, DTA analysis also show that the starting lead volatilization temperature is a function of the milling time, shifting from 850 C in unmilled powder up to Phase Transitions 141 930 C in 80 h milled powders and that the thermal energy needed to obtain the PZT phase (DT ) is also a function of the ball milling time, decreasing as the milling time increases. There is a DTA anomaly at 460 C, which result in a narrow exothermic peak for powders milled during a long period of time (60 and 80 h). This modification in the 460 C exothermic peak might be associated to structural changes, because weight losses are not observed at this temperature (i.e. a ferroelectric-paraelectric phase transition). The decrease of the particle size, and in consequence the increase of the structural freedom of the particle, could be the responsible of this narrow peak apparition in the DTA curves. Figure 7 shows the temperature dependence of the linear sintering rate for the 850 C calcined powder, milled at 20, 40, 60 and 80 h. The linear sintering rate curves reveal two densification peaks, which are associated with the sample shrinkages occurred in the 650-1050 C temperature range. The first densification maximum take place at $780 C and it is attributed to a PbO-rich liquid phase formation, resulting from the relative low lead oxide melting point [20] . In this sintering stage, the main densification mechanism is associated with the particle rearrangement under the presence of the PbO-rich liquid phase. The result obtained is in good agreement with the reported by Hammer and co-workers for PZT and PLZT ceramics prepared by the conventional mixed-oxide process [20] .
A second densification rate maximum is observed at 825 C and 805 C for 20 h and 40, 60 and 80 h milled powders, respectively, which is somehow associated with the different degrees of refinement and homogeneity of the milled powders. It is well-known that the 
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second densification rate peak predicts the intermediate and final high temperature sintering stages of PZT powders prepared by a conventional mixed-oxide process under volume diffusion densification mechanism, which usually take place at $1100 C [20] . However, in our samples this second maximum sintering rate takes place $300 C lower than those reported for PZT powders prepared by conventional methods, clearly being associated with the ball milled process used. The above-mentioned confirm the applicability of the high-energy ball milling process for the preparation of PZT ceramics at lower temperatures.
After the linear sintering rate analysis the stoichiometric 60 h milled PZT powders were pressed into 10-mm diameter pellets and sintered at 950 C by fast firing method for 30 (S1), 45 (S2), 60 (S3), 90 (S4) and 120 min (S5). Table 1 shows shrinkage percent, weight losses and density of these samples. There is a slight increase of the volume shrinkage from 30 to 45 min in the sintering time. Afterward, it remains practically constant up to 90 min, increasing again at 120 min of sintering time. The weight losses show a similar behaviour than the volume shrinkage, except at 120 min of sintering time where it remains constant. There is no visible improvement in the bulk density of the PZT ceramics as the sintering time increases. Indeed, the density of the samples ( $ 91%) is too low to be considered as high quality ceramics ( 4 95%). It is evident that the increase in the rapid thermal annealed sintering time does not improve the quality of the 60 h milled PZT stoichiometric samples, probably due to the lead evaporation from the surface of the sample during the 950 C temperature sintering. Table 2 shows shrinkage percent, weight losses and density of the 60 h milled PZT powders with 3% of PbO excess, pressed into 10-mm diameter pellets and sintered at 
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143 C by fast firing method for 30 (S6), 45 (S7), 60 (S8), 90 (S9) and 120 min (S10). There is an increase of the shrinkage percent and weight losses for the lower sintering time periods, remaining practically constant after 45 min. Shrinkage percent, weight losses and density trends look similar to the observed in stoichiometric samples; however, the density of the samples is higher. It is clear that the 3% lead excess help the densification in liquid phase, avoid the lead defects in the structure and improve the densification of the samples. In this type of samples the lead oxide excess melts forming an abundant liquid phase, in contrast to stoichiometric samples where a less amount of liquid is formed; part of this liquid phase flows inside the solid solution compensating the lead defect and the rest is volatilized. The liquid phase formed during the sintering process at 950 C produces enough capillary pressure that allows large particle rearrangements in the samples [30] .
On the other hand, squeezing out the lead oxide molten also gives rise to a lead compositional gradient in the sample; especially, in the surfaces of the pellets that become rich in PbO. In order to homogenize the samples, a post-sintering annealing treatment at a relative lower temperature (800 C) is carried out, which gives a uniform colour to the surface and interior of the samples. At the same time, the annealing treatment results in a controlled volatilization of lead oxide, achieving the desired sample composition.
Finally, the peak observed near to 450 C is associated with the ferro-paraelectric phase transition of the PZT system. This transition temperature is 70 C higher than that obtained by the dielectric measurements (shown below). However, this is not an incongruence result because the heating rates for both techniques (10 C min À1 in the dilatometric measurement and 2 C min À1 in the dielectric measurement) and the parameter involved in the measurements (structural change in the dilatometric measurement and intrinsic and extrinsic changes of the dielectric constant associated with the structural and polarization changes in the dielectric measurement) are different. Figure 8 shows a representative AFM surface image of the PZT sintered samples prepared from 60 h milled powder with 3% of lead excess. This image shows a compact structure with grain sizes from 50 to 90 nm, representative for all the samples because the sintering time conditions practically do not modify the grain size of the samples. Figure 9 shows the dielectric constant and dielectric losses temperature dependence (at several frequencies) for the S8 PZT ceramic. It is observed that there is no remarkable temperature shift in the dielectric constant maximum (T m ¼ 375 C) as the driving frequency increases. Moreover, over the ferroelectric-paraelectric transition temperature (T m ), the lower frequencies' (5100 kHz) dielectric permittivity responses increase, which is associated with low-frequency conductive processes [31] .
The 1 MHz temperature dependence of the dielectric losses also shows the ferroelectricparaelectric phase transition at 375 C (Figure 9b) . However, at driving frequencies below 100 kHz, the dielectric and conductive losses are overlapped, mitigating the ferroelectricparaelectric phase transition peaks. In the dielectric losses curves it is also observed that the low-frequency conductive processes begin to take place at temperatures near to 200 C.
Conclusions
Calcinated PZT (60/40) nanopowders were milled by high-energy ball milling technique. This process results in a decrease of the crystallite size in the first 40 h of milling and a constant crystallite size for higher milling time. Higher milling times also increase the defects and disorder, resulting in an enhanced sinterability of the PZT powders. On the other hand, TG and DTA of the unmilled and milled powders show an increase in the environmental water absorption, a decrease of the starting lead oxide volatilization temperature and reveal structural changes at 450 C as the milling time increases. 
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Nanoestructured ceramics with grain sizes of 50-90 nm were obtained using the same fast firing sintering conditions (950 C/60 min and a post-sintering annealing treatment at 800 C/4 h, in the sample with an excess 3% PbO). The dielectric properties of the highdensity S8 PZT sample reveal that high-energy ball milling and fast firing are effective techniques to prepare PZT nanoestructured ceramics at a relatively low-temperature (950 C). 
